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Plasma carburizing kineticsThe present paper reports the experimental results onmartensitic stainless steel low-temperature plasma assisted
carburizing kinetics. The treatments were carried out using a gas mixture of 99.5% (80% H2+20% Ar)+0.5% CH4
at temperatures of 623, 673, 723 and 773 K and for times of 4, 8, 12 and 16 h. The peak voltage and the pulse period
of the pulsed DC power supply were kept constant at 700 V and 240 μs, respectively. Temperature was controlled
by adjusting the duty cycle. The treated samples were characterized by confocal laser scanning microscopy, X-ray
diffractometry and microhardness measurements. Results indicate that low-temperature plasma carburizing is a
diffusion controlled process. The calculated activation energy for outer and diffusion layer growth was 29 and
85 kJ mol−1, respectively. An apparently precipitation-free layer can be produced only when the processing tem-
perature is sufﬁciently low (≤723 K) and time sufﬁciently short (≤12 h).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Stainless steels are known due to its excellent corrosion resistance
and its moderate hardness and wear resistance. It explains why these
materials are extensively used for different industrial purposes [1].
However, in certain applications, superior surface properties are re-
quired in order to enhance their performance [2–4]. Low-temperature
plasma assisted thermochemical treatments like nitriding, carburizing
and nitrocarburizing have been applied in order to improve surfaceme-
chanical properties of stainless steel, without causing damage to their
corrosion resistance.
Motivated by the promising results, different plasma assisted tech-
niques have been studied, such as pulsed DC plasma [3–7], RF plasma
[8,9], plasma-based low-energy ion implantation [10], and plasma im-
mersion ion implantation [2,11]. The large number of works on pulsed
DC plasma assisted techniques published in recent years demonstrates
their potential. Pulsed DC plasma allies the plasma species bombardment
effect, keeping the processing surfaces clean and oxide-free, and relatively
low cost industrial application. On the other hand, low-temperature
gas thermochemical treatment of stainless steels has also been success-
fully carried out by applying a particular technique to eliminate the
native chromium oxide layer [12,13], that acts as a diffusion barrier
for nitrogen and/or carbon, in the present case.
Considering austenitic stainless steels, a vast list of works on
low-temperature plasma assisted nitriding and carburizing treatment
can be found in specialized literature [5–7,14–29]. For martensitic: +55 41 3361 3129.
).
rights reserved.stainless steels, works treat mainly of low-temperature plasma
assisted nitriding [3,6,9,30–34], and little has been reported up till
now on low-temperature plasma carburizing. It has been recently
demonstrated that the adequate choice of electrical discharge and
treatment parameters, for low-temperature plasma carburizing of
AISI 420 steel, can be decisive to achieve desired surface properties
enhancement [35,36]. So, based on new experimental results, this
work presents a study of the carburized layer growth as a function
of processing temperature and time, being the kinetics of the process
the focus of this work.
2. Experimental procedure
Cylindrical samples of 10 mm in height and 9.5 mm in diameter
were cut from AISI 420 martensitic stainless steel commercial rod
(composition obtained by X-ray ﬂuorescence: 0.17% C, 0.70% Mn,
0.50% Si, 12.2% Cr, 0.23% P, 0.03% S, and Fe balance, in wt.%). Samples
were oil quenched from 1323 K, after 0.5 h at the austenitizing tem-
perature. The sample hardness in the as-quenched condition was
510±10 HV0.3. After heat treatment, samples were ground using
SiC sandpaper ranging from 100 to 1200 grade and polished using
1 μm Al2O3 abrasive suspension. Finally, samples were alcohol
cleaned in ultrasonic bath and then introduced into the discharge
chamber. Tempering and carburizing were simultaneously carried
out. For comparison purpose, quenched samples were tempered in
conventional furnace at 673 K for 1 h. The sample hardness after tem-
pering was 410±15 HV0.3.
Aiming to remove the native oxide layer from sample surface,
before carburizing, specimens were plasma sputter-cleaned in a gas
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0.5 h. Plasma carburizing was carried out using a gas mixture compo-
sition of 99.5% (80% H2+20% Ar)+0.5% CH4, in volume. The total gas
ﬂow rate and pressure were ﬁxed at 1.66×10−6 Nm3 s−1 and
400 Pa, respectively. Both the gas mixture composition and ﬂow
rate were ﬁxed according to [37]. Samples were carburized at 623,
673, 723 and 773 K, for a constant treatment time of 8 h, and for
times of 4, 8, 12 and 16 h, at a constant temperature of 723 K. The
plasma apparatus, presented in Fig. 1, consisted of a 4.16 kHz
square-wave pulsed DC power supply and a stainless steel cylindrical
vacuum chamber of 350 mm in diameter and 380 mm high, attached
to steel plates sealed with silicone o-rings at both the ends. The sys-
tem was pumped down to a residual pressure on the order of 3 Pa
using a double stage mechanical vacuum pump. The gas mixture
composition and ﬂow rate of H2, Ar and CH4 were adjusted by three
mass ﬂow controllers, two of 8.33×10−6Nm3 s−1 and one of
8.33×10−8Nm3 s−1, respectively.
Samples were placed on the cathode of the discharge, which was
negatively biased at 700 V. The heating of the samples was a result
of ions and fast neutral species bombardment. Themean power trans-
ferred to the plasma, and consequently the sample temperature, was
adjusted by varying the switched-on time (tON) of the pulsed voltage.
The temperature was measured by means of a chromel–alumel ther-
mocouple (K­type of 1.5 mm diameter) inserted 8 mm depth into the
sample holder. The pressure in the vacuum chamber was measured
by a capacitive manometer of 1.33×104 Pa in full-scale operation
and adjusted by a manual valve.Fig. 1. Schematic representationFor microstructural analysis, samples were prepared by conven-
tional metallographic procedure. After polishing, the cross-sectioned
samples were etched using Vilella's reagent (95 ml of ethyl alcohol,
5 ml of hydrochloric acid, and 1 g of picric acid). Samples were exam-
ined using a Confocal Laser Scanning Microscope (Olympus LEXT OLS
3000), and the thickness of the observed outer layers was determined
by taking the mean of ten measurements using confocal images. The
identiﬁcation of the phases present in the treated layers was carried
out by X-ray diffractometry (XRD), using a Shimadzu XRD 7000
X-ray diffractometer with a Cu Kα X-ray tube in the Bragg–Brentano
conﬁguration. Microhardness proﬁles were performed by using a
Shimadzu Micro Hardness Tester HMV­2T, applying a load of 10 gf
and a peak-load contact of 15 s. The points presented in each proﬁle
were obtained from a mean of ﬁve measurements. The diffusion
layer depth was determined via microhardness proﬁles, considering
that it occurs up to the depth for which the hardness becomes con-
stant (equal to the bulk material). It is to be noted that the bulk hard-
ness varies according to the carburizing temperature and time
utilized for each treatment, remembering again that tempering oc-
curs simultaneously with carburizing treatment in the present work.
Surface hardness measurements were performed employing the
same equipment, applying load of 300 gf and peak-load contact of
15 s. The hardness measurement had the purpose to evaluate the
hardness variation of the carburized case, formed by the outer and
the diffusion layer, since the very thin outer layer hardness cannot
be evaluated via proﬁles. In this case, the presented surface hardness
values are also a mean of ﬁve measurements.of the experimental setup.
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3.1. Effect of temperature on process kinetics
The cross-section micrographs of samples carburized at 623, 673,
723 and 773 K, are presented in Fig. 2(a, b, c, d), respectively. The
presence of a thin and continuous layer on the treated surface,
which is probably composed of Fe3C (cementite), as indicated by
the XRD patterns (Fig. 4) can be observed. Non-reported XRD data
obtained after removing about 3 μm in depth of the treated surface
do not present cementite peaks. So, it can be assumed that the ce-
mentite peaks observed from the XRD patterns of the treated surface
are related to the outer layer, but it cannot be afﬁrmed that it is
constituted of cementite only. Further studies are being conducted
to determine precisely this layer constitution. Hereafter this layer
will be termed ‘outer layer’ since there is no insurance that it is com-
posed by cementite only. The apparent absence of chromium carbide
precipitate at the outer layer for samples processed at 623, 673 and
723 K (Fig. 2a, b, c, respectively), at least for the characterization
methods adopted in the present work, is supported by confronting
these microstructures with that of Fig. 2(d), for sample processed at
773 K. Note that, in this case, the aspect predominantly white of the
outer layer was strongly changed by a dark one, which would indicate
the sensitization of the referred surface. This assumption is supported
by well-known tempering studies, predicting important precipitation
of alloying carbides at this temperature, according to [38]. So, for the
surfaces treated at 623, 673 and 723 K, it is an indirect evidence that
the outer layer does not present lower corrosion resistance compared
with that veriﬁed for the bulk material. Nevertheless, it is important
to note that XRD patterns of the processed surfaces presented in
Fig. 4 are not sufﬁcient to ensure the chromium carbide precipitate
formation as will be explained after.Fig. 2. Cross-section micrographs of samples treated at: (a) 623; (b) 673; (c) 723; and (d)
H2+20% Ar)+0.5% CH4 at a ﬂow rate of 1.67×10−6 Nm3 s−1, and pressure of 400 Pa.In addition, diffusion layer is also present in the treated surfaces.
Despite there is no microstructural conﬁrmation of its presence in
Fig. 2, the occurrence of diffusion layer is conﬁrmed bymicrohardness
proﬁles, according to Figs. 6 and 11, as discussed ahead. It is impor-
tant to notice that the absence of signiﬁcant microstructural changes
and no changes on the etching of the diffusion layer are indirect evi-
dences that the corrosion resistance of this layer was not signiﬁcantly
altered. Despite the magniﬁcation of Fig. 2 images are unsuitable to
observe the whole diffusion layer, non-reported lower magniﬁcation
images conﬁrm no difference between the bulk and the diffusion
layer microstructure. Moreover, non-reported microstructural analy-
sis for all the studied conditions, carried out using Nital-10% (solution
of 10% nitric acid+90% ethylic alcohol, usually applied for carbon
steels) as etchant, for etching time of 30 s, has shown that only the
whole carburized case (outer+diffusion layer) obtained at 773 K
was etched, being a supplementary evidence that the corrosion resis-
tance was not affected for the surfaces treated at 623, 673 and 723 K.
Arrhenius plots of the outer and diffusion layer thicknesses are
shown in Fig. 3(a, b), respectively. The obtained outer layer thickness
was 1.5, 1.8, 2.4 and 3.0 μm, and the diffusion layer depth was 21, 40,
65 and 70 μm for samples treated at 623, 673, 723 and 773 K, respec-
tively. The thickness data points for the three lower carburizing tem-
peratures present a linear relationship and its slope can be related to
the process activation energy. Differently, for the highest treatment
temperature (773 K), the data points depart from the linear depen-
dence, indicating a change on the layer growth mechanisms, related
to a signiﬁcant diffusion of substitutional atoms like Cr. This fact agrees
with the microstructural (Fig. 2) and XRD (Fig. 4) analysis. So, the de-
parture of linearity is probably due to strong carbide precipitation,
probably including chromium carbides, as previously discussed.
From the Arrhenius-type behavior for the carburizing thickness
data, considering that the process is diffusion controlled (being the773 K. Treatments carried out for 8 h, using a gas mixture composition of 99.5% (80%
Fig. 3. Arrhenius plot for the: (a) outer layer thickness; and (b) diffusion layer thick-
ness. Treatments carried out for 8 h, using a gas mixture composition of 99.5% (80%
H2+20% Ar)+0.5% CH4 at a ﬂow rate of 1.67×10−6 Nm3 s−1, and pressure of 400 Pa.
Fig. 4. XRD patterns for as-quenched (untreated) sample and for samples treated at
623, 673, 723 and 773 K. Treatments carried out for 8 h, using a gas mixture composi-
tion of 99.5% (80% H2+20% Ar)+0.5% CH4 at a ﬂow rate of 1.67×10−6 Nm3 s−1, and
pressure of 400 Pa.
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cient and t is the diffusion time), the activation energy for carbon diffu-
sion can be calculated by the slope of the Arrhenius plot according to
Eq. 1:
ln dð Þ ¼ A− Qd
2R
 
1
T
ð1Þ
where d is the layer thickness, A is a constant, Qd is the diffusion
activation energy (J mol−1), R is the universal gas constant
(8.31 J mol−1 K−1), and T corresponds to absolute temperature (K).
The linear part of Fig. 3(b) seems to be directly related to the
atomic diffusion since the calculated activation energy for the diffu-
sion layer growth, which was 85 kJ mol−1, is in good agreement
with the activation energy for diffusion of carbon in ferrite, reported
by [39], and it is also in the range of activation energy for diffusion of
carbon inmartensite, as presented by [40]. It is important to remember
that plasma–surface interaction effects are restricted to some nanome-
ters and it can be neglected for the diffusion layer growth. On the otherhand, the linear part of Fig. 3(a) corresponds to an activation energy of
29 kJ mol−1, which is a too low value to be related to carbon diffusion
through the outer layer. According to [41], activation energy for carbon
diffusion in cementite is 154 kJ mol−1. The activation energy obtained
here would be an “apparent” activation energy, as proposed by [42].
In such work, an “apparent” activation energy for cementite layer
growth of 109±12 kJ mol−1 was obtained. In agreement with [42],
the “apparent” activation energy can be subdivided into a positive
contribution due to the activation energy for diffusion of carbon in
cementite and a negative contribution due to the temperature depen-
dence of the carbon activity in cementite at the surface and at the inter-
face cementite/ferrite. Despite the results presented here are sufﬁcient
to estimate the activation energy of 29 kJ mol−1, this point is not suf-
ﬁciently clariﬁed and deserves further investigation. In addition, it is
to be noted that the value of 109 kJ mol−1 obtained by [42] and
29 kJ mol−1 calculated in this work for outer layer growth activation
energy are very different. The lower activation energy calculated in
this work could be related to the plasma species surface bombardment,
that is not present in the gas phase treatment applied by [42]. As is
known, plasma–surface interaction leads to increment of the point
crystalline defect density in the surface. Consequently, the surface dif-
fusion and the lattice diffusion near the surface would be enhanced,
which could explain the smaller value of activation energy estimated
in the present work. This assumption is supported by the fact that the
outer layer is thin enough to be inﬂuenced by the plasma–surface
interactions.
It is also important to notice from Fig. 3 that the outer layer thick-
ness obtained at 773 K is higher than the value extrapolated from the
Arrhenius behavior, for lower temperatures. Contrarily, the diffusion
layer depth for 773 K is lower than the value extrapolated from the
Arrhenius behavior for lower temperatures. A possible explanation
could be the fact that when chromium precipitation occurs the ener-
getic barrier imposed by nucleation process is overcome, resulting
in an additional process on the outer layer growth. On the other
hand, if carbide precipitation kinetics is enhanced, the carbon amount
consumed to form carbides is also higher and its content in solid so-
lution is reduced, lowering the carbon concentration gradient and
consequently slowing down the diffusion layer growth kinetics.
X-ray diffraction patterns of untreated (as-quenched) and plasma
treated surfaces at different temperatures are shown in Fig. 4. The
as-quenched sample presents three peaks all attributed to the mar-
tensite phase (α′) in accordance with Pinedo [43]. After treatment,
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the surfaces treated at 623, 673 and 723 K, it can be noted that the
martensite peaks were broadened and slightly shift to lower angles,
indicating lattice parameter expansion and probably residual stress
formation, as previously presented in [31,32]. From peak position
shift, it can be expected that during the treatment, the carbon dif-
fusion into the martensite results in a carbon content enhancement
of this super-saturated solid solution. In the present work, this low-
temperature carbon-enriched martensite phase was called carbon-
expanded martensite (α′C) in analogy to the well-known nitrogen-
expanded martensite (α′N). For the lower treatment temperatures
the α′C peak is less evident and appears as an asymmetry of the α′
peak. Peaks occurring at 39.8°, 45.9°, 71.3° and 86.1° are in conso-
nance with [8,30,44,45], corresponding to Fe3C (or M3C). Finally, the
absence of chromium carbide cannot be completely ruled out since
the peak positions for chromium carbides and cementite almost over-
lap. It is also to be noted that none of the applied characterization tech-
niques give access to information about secondary phases present at a
nano-scale, which could be important especially at low-temperature
processing. Nevertheless, even if some chromium could be present in
theM3C carbide, microstructures of Fig. 2(a, b, c) give support to the as-
sumption that no chromium carbide precipitation occurs, since the
outer surface layer seems to be not sensitized. To clarify this point, the
corrosion resistance test of the treated surfaces is being carried out in
the present moment. On the other hand, an intense carbide precipita-
tion was veriﬁed for the sample treated at 773 K. However, considering
that the diffraction peaks are broadened and, as previously discussed,
the peak positions for chromium carbides and cementite almost over-
lap, the XRD patterns alone are not sufﬁcient to ensure the presence
of chromium carbides in treated surface. But, very probably chromium
carbides are present for this treatment condition (at 773 K), as
evidenced by the sensitization observed in Fig. 2(d). Finally, it is also
observed that α′ (43.8°) diffraction peak has disappeared giving place
toα-Fe (110). It is assumed that in this case, most of the carbon present
in the body-centered tetragonal (b.c.t.) martensite cell diffuses and pre-
cipitates as carbide during carburizing treatment, promoting the trans-
formation from b.c.t to b.c.c. cell.
Results of the surface microhardness for treated samples as a func-
tion of the treatment temperature are shown in Fig. 5. Measurements
were performed on the sample top (surface exposed to the plasma)
and bottom (surface non-exposed to the plasma). It was evidenced
that the temperature increase from 623 to 773 K leads to a surface
hardness increment from 550 to 1050 HV0.3. On the other hand, a
decrease of the bottom hardness from 447 to 352 HV0.3 was veriﬁedFig. 5. Surface microhardness for non-carburized and plasma carburized AISI 420 mar-
tensitic stainless steel samples treated at 623, 673, 723 and 773 K. Treatments carried
out for 8 h, using a gas mixture composition of 99.5% (80% H2+20% Ar)+0.5% CH4 at a
ﬂow rate of 1.67×10−6 Nm3 s−1, and pressure of 400 Pa.in this case, which is a result of the martensite tempering effect.
Confronting the top and bottom microhardness results, it can be
noticed that the carburizing strengthening overcomes the temper
softening effect, evidencing the effectiveness of low-temperature
plasma carburizing of AISI 420 stainless steel.
Microhardness proﬁles for treated samples are presented in Fig. 6.
Smooth hardness decrease from the surface to the substrate bulk was
veriﬁed for all the studied conditions. Hardness of 1170, 872, 739 and
592 HV0.01 at a depth of about 2.5 μmwas veriﬁed for samples treated
at 623, 673, 723 and 773 K, respectively. In addition, case depths on
the order of 20, 40, 65 and 70 μm, can also be estimated, respectively.
It is well known that the martensite hardness is a function of its car-
bon content, so, the hardness decrease could be important evidence
that carbon diffuses as interstitial atom into the steel matrix, being
an indication of the existence of a carbon concentration gradient
below surface. This assumption is in agreement with the XRD patterns
of Fig. 4. It is worth to point out that the carburized case is constituted
of outer and diffusion layers, being the diffusion layer evidenced by
the microhardness proﬁles only. From Fig. 6, the bulk hardness was
450, 418, 385 and 351 HV0.01, for 623, 673, 723 and 773 K carburizing
temperatures. This result is in agreement with that presented in Fig. 5,
for untreated surface, conﬁrming the different tempering effects veri-
ﬁed for each treatment temperature.
3.2. Effect of time on process kinetics
Cross-section micrographs of samples treated at 723 K for 4, 8, 12
and 16 h are presented in Fig. 7(a, b, c, d), respectively. The observed
microstructures are similar to those presented in Fig. 2. Once more,
for the studied conditions, there was no clear evidence of sensitiza-
tion in the treated layer even for treatments of 16 h. Considering
that carburizing is a diffusion controlled process, the time depen-
dence of the layer thickness can be described by Eq. 2:
d ¼ a Dtð Þ12 ð2Þ
where d is the layer thickness, a is a constant, t is the treatment time,
and D is the diffusion coefﬁcient of carbon into the treated surface. It
is worth to remember that, despite D is temperature dependent, for a
ﬁxed treatment temperature D is a constant.
The evolution of the outer layer and diffusion layer thickness as a
function of the square root of treatment time is presented in Fig. 8(a, b),Fig. 6. Microhardness proﬁles of plasma carburized AISI 420 martensitic stainless
steel samples treated at 623, 673, 723 and 773 K. Treatments carried out for 8 h,
using a gas mixture composition of 99.5% (80% H2+20% Ar)+0.5% CH4 at a ﬂow rate of
1.67×10−6 Nm3 s−1, and pressure of 400 Pa.
Fig. 7. Cross-section micrographs of samples treated for: (a) 4, (b) 8, (c) 12 and (d) 16 h. Treatments carried out at 723 K, using a gas mixture composition of 99.5% (80% H2+20% Ar)+
0.5% CH4 at a ﬂow rate of 1.67×10−6 Nm3 s−1, and pressure of 400 Pa.
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cating that the process is diffusion controlled. It is to be noted that from
Eq. (2), no layer for null treatment time is expected. Nevertheless,
the extrapolation from the linear behavior of data points, in Fig. 8(a),
indicates that a layer thickness of about 0.2 μm is obtained for null
treatment time. Similar result was obtained by [42] and it is attributed
to the non-uniformity of the cementite layer (incompletely closed) in
the initial part of the treatment. Another possible explanation given
by [42] is the presence of short-circuit diffusion paths through the
thin and defect rich parts of the layer during the ﬁrst minutes of treat-
ment. The deviation evidenced here could be also attributed to the
faster growth of the carburized layer at the initial treatment stages,
due to the physical effects of the energetic plasma species bombard-
ment enhancing surface diffusion. Similar result was presented by
Conybear [45] on high-temperature plasma carburizing. Conybear
[45] veriﬁed that for long-term treatments the advantage of the plasma
process kinetics, resultant from the increased supply of carbon and
from the plasma reactions with the samples surface, would not be as
signiﬁcant as those found in short-term treatments. On the other
hand, for the diffusion layer this effect is not evident, probably due to
the fact that diffusion occurs in solid solution and the diffusion depth
is sufﬁciently high, reducing the relative importance of plasma–surface
interaction phenomena. It is also to be noted that the diffusion layer
depth for 12 and 16 h treatments are similar, what could be attributed
to carbide precipitation, acting as sink for carbon and slowing down its
diffusion into the matrix.
X-ray diffraction patterns obtained for the different carburizing
times are presented in Fig. 9. Compared to the as-quenched condition,
carbon-enriched martensite peaks are broader and shifted to lower
diffraction angles. In Fig. 9, the occurrence of peaks corresponding
to Fe3C (orM3C) phase for all the studied treatment times can be also ob-
served. As for Fig. 4, the possible presence of chromium carbides cannot
be completely ruled out. As will be discussed for Fig. 10, probably fortreatment of 16 h, chromium carbide precipitation has occurred in its
initial stage since no clear precipitation is observed in the micrograph
(Fig. 7(d)).
Results of surface microhardness of treated samples as a function of
treatment time, formeasurements taken at the samples top and bottom
are shown in Fig. 10. For comparison purpose, an experimental point
obtained by [30] in a study comprising a very similar martensitic stain-
less steel was added to this ﬁgure. It is interesting to point out that the
surface hardness obtained by [30] seems to agree to measurements
presented here. From Fig. 10, it can be noticed that the surface
microhardness increases with increasing carburizing time up to 12 h.
The increase in hardness can be attributed to the addition of carbon in
solid solution in martensitic crystalline lattice and to the treated layer
thickness growth. For 16 h treatment time, a decrease of the surface
microhardness was evidenced. This decrease is probably associated to
the precipitation of alloying element carbides, which would reduce
the carbon content in solid solution and, consequently, the martensite
hardness. However, signiﬁcant carbide precipitation was not veriﬁed
in the XRD pattern presented in Fig. 9, at least to the characterization
conditions adopted in the present work. A possible explanation to it
could be that, for 16 h, the precipitation is in its initial stage, and the
amount of carbides is too low to be clearly detected. The reduction on
the surface hardness after 12 h could explain the inefﬁciency state-
ment of the low-temperature carburizing process presented in [30],
for which no signiﬁcant increase in surface hardness was observed
for a treatment at 723 K for 20 h. The too long treatment time has pos-
sibly led to excessive precipitation of carbides, as suggested in [35].
Concerning the hardness of the bottom surface, the observed hardness
decrease with increasing carburizing time would be again due to the
tempering effect.
The microhardness proﬁles of carburized samples treated for 4, 8,
12 and 16 h are shown in Fig. 11, and the case depth for these treat-
ment conditions was about 45, 65, 100 and 100 μm, respectively. It
Fig. 8. Layer thickness as a function of the square root of the treatment time for:
(a) outer layer; and (b) diffusion layer. Treatment carried out at 723 K, using a gasmixture
composition of 99.5% (80%H2+20% Ar)+0.5% CH4 at a ﬂow rate of 1.67×10−6 Nm3 s−1,
and pressure of 400 Pa.
Fig. 10. Surface microhardness for non-carburized and for plasma carburized AISI 420
martensitic stainless steel samples treated for 4, 8, 12 and 16 h. Treatments carried out
at 723 K, using a gas mixture composition of 99.5% (80% H2+20% Ar)+0.5% CH4 at a
ﬂow rate of 1.67×10−6 Nm3 s−1, and pressure of 400 Pa.
36 C.J. Scheuer et al. / Surface & Coatings Technology 214 (2013) 30–37can be noted that the hardness of the sample surface increases for
carburizing time up to 12 h, as observed in Fig. 10. On the other
hand, for the time of 16 h a decrease on the hardness proﬁle isFig. 9. XRD patterns for as-quenched (untreated) sample and for samples treated for 4,
8, 12 and 16 h. Treatment carried out at 723 K, using a gas mixture composition of
99.5% (80% H2+20% Ar)+0.5% CH4 at a ﬂow rate of 1.67×10−6 Nm3 s−1, and pres-
sure of 400 Pa.observed, in agreement with Fig. 10. The explanation for these results
is the same as that presented for Fig. 10.
4. Conclusions
Experiments were carried out aiming to determine the inﬂuence
of the treatment temperature and time on the kinetics of low-
temperature plasma carburizing of AISI 420 martensitic stainless
steel, and the main conclusions of the work can be listed as follows:
• Low-temperature plasma carburizing can be successfully applied
to improve surface hardness of AISI 420 martensitic stainless steel
samples, which is due to the formation of an outer layer probably
composed of cementite (and/or complex carbides) and carbon-
expanded martensite in diffusion layer;
• The kinetics of the layer growth depends on processing tempera-
ture and time. From the presented results, it can be concluded
that low-temperature carburizing is a diffusion controlled process.
The calculated activation energy for outer and diffusion layer
growth is 29 and 85 kJ mol−1, respectively;
• The increase of carburizing temperature and time leads to the pre-
cipitation of carbides in the treated layer and can reduce the surfaceFig. 11. Microhardness proﬁles of plasma carburized AISI 420 martensitic stainless
steel samples treated for 4, 8, 12 and 16 h. Treatments carried out at 723 K, using a
gas mixture composition of 99.5% (80% H2+20% Ar)+0.5% CH4 at a ﬂow rate of
1.67×10−6 Nm3 s−1, and pressure of 400 Pa.
37C.J. Scheuer et al. / Surface & Coatings Technology 214 (2013) 30–37hardness. So, precipitation-free layers can be produced only when
the processing temperature is sufﬁciently low and the time is sufﬁ-
ciently short. In the present work it was veriﬁed for temperatures
smaller than 723 K and times shorter than 12 h.
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